As one of the most promising candidates for the oxygen evolution reaction (OER), NiFe hydroxides have attracted tremendous attention due to their earth abundance, cost-effectiveness, and relatively high catalytic activity. In this work, to investigate the effect of the underlying substrate on the electrocatalytic activity of NiFe hydroxides for the OER, NiFe hydroxides were prepared on various substrates including Au, Cu, C, ITO, and Ti via an electrodeposition technique. The whole preparation process is extremely clean since it avoids the introduction of any surfactants, binders, reducers or capping agents, ensuring the clean surface of NiFe hydroxides and thus allowing a true comparison of the effect of the substrate composition on the electrocatalytic performance of NiFe hydroxides. The surface morphology and chemical element distribution of the electrodes were studied by a scanning electron microscope and energy dispersive X-ray analysis, and the chemical composition was characterized by X-ray photoelectron spectroscopy. The NiFe hydroxides electrodeposited on various substrates exhibit similar thin film surface morphologies and are grown horizontally on the surface of the substrate, possessing some small wrinkles approximately vertically aligned to the surface. Among the NiFe hydroxides formed on the various substrates, the NiFe hydroxides on the Au substrate exhibit the most remarkable enhancement in electrocatalytic activity towards the OER, and the current density reaches 149 mA cm -2 at 0.8 V (vs. saturated calomel electrode). The catalytic current density shows no evident decay after an accelerated durability test of 10000 s. This work provides a systematic study on the influence of the substrate composition on the electrocatalytic activity of electrodeposited NiFe hydroxides and demonstrates new ways to develop high-performance catalysts.
INTRODUCTION
Facing deteriorating energy and environmental issues, the search for sustainable and clean energy sources to replace fossil fuels has become one of the most important tasks of the 21 st century [1] [2] [3] [4] [5] . Water-splitting reactions have attracted numerous interests due to their unique role in clean energy conversion techniques, especially the production of hydrogen and oxygen [6] [7] [8] [9] [10] . However, the sluggish kinetics of the oxygen evolution reaction (OER) significantly restrict the practical application of electrochemical water splitting, and thus, it is of great importance to develop efficient electrocatalysts [11] [12] [13] . To date, noble metal-based materials, such as Ir-and Ru-containing compounds, have been widely used for their high OER efficiency, but their scarcity and high cost render large-scale commercialization infeasible [14] [15] [16] . To address this issue, tremendous attention has been devoted to transition-metal (Mn, Fe, Co, and Ni) oxide/hydroxide catalysts, whose advantages mainly lie in their earth abundance, cost-effectiveness, and high catalytic activity [17, 18] . In particular, NiFe hydroxides are viewed as a representative catalyst with a high OER activity, which could effectively catalyze ongoing electrochemical reactions [19] [20] [21] .
To further improve the electrocatalytic activity of NiFe hydroxides, extensive efforts have been devoted to the preparation of NiFe hydroxides with controllable morphology and composition [22] [23] [24] [25] [26] [27] [28] . However, research into the effect of the underlying substrate on the performance of electrocatalysts has been rather limited. Previous studies have found that the catalyst substrate plays an important role in developing highly active catalysts, in which the substrate composition significantly influences the overall catalytic performance [29, 30] . For instance, Wu et al. [31, 32] found that a Pt@TiO2 catalyst possessed a much higher photocatalytic activity than that of pristine TiO2, which also surpassed that of Au@TiO2. Previous work from our group described a Pt monolayer supported on an Au nanoparticle that exhibited a specific activity towards ammonia electro-oxidation approximately 8.3-times higher than that of the monolayers supported on Ru and Pd nanoparticles. This improvement could be attributed to the substrate-induced tensile strain in the Pt monolayer resulting from the lattice mismatch between the Pt monolayer and Au nanoparticle support [33] . Despite evidence that the substrate composition exerts such a considerable influence on the overall electrocatalytic performance, few efforts have been devoted to the systematic research on the effect of substrate composition on the OER performance of NiFe hydroxides.
In this work, we developed a facile and extremely clean electrochemical method to directly synthesize NiFe hydroxides on the surface of various substrates, including Au, Cu, C, ITO and Ti, and explored the effect of the substrate composition on the OER catalytic performance of formed NiFe hydroxides. The electrodeposition technique provides an ideal way to conduct the overall research because it avoids the use of surfactants, conductive additives and binding agents during the electrode preparation process, ensuring a clean surface of the electrocatalyst; and thus allowing a true comparison of the OER electrocatalytic performances of NiFe hydroxides formed on substrates of different compositions. The surface morphology and chemical element distribution of the as-prepared electrodes were characterized by a scanning electron microscope (SEM) equipped with energy dispersive X-ray analysis (EDX), and the chemical composition was characterized by X-ray photoelectron spectroscopy (XPS). Among the NiFe hydroxides formed on various substrates, NiFe hydroxides/Au exhibits the most remarkable enhancement in electrocatalytic activity towards the OER, with a current density reaching 149 mA cm -2 at 0.8 V. The catalytic current density shows no apparent decay after an accelerated durability test (ADT) of 10000 s.
EXPERIMENTAL

Reagents
The reagents, such as Ni(NO3)2, Fe(NO3)3 and KOH, were purchased from Macklin Biochemical Co., Ltd. All chemicals were used as received without further purification. All reagents were of analytical grade and were used directly without further purification. All the aqueous solutions used in the present work were prepared with ultrapure water (Milli-Q Millipore, > 18.2 MΩ cm).
Electrodeposition of NiFe hydroxides
NiFe hydroxides were prepared via an electrodeposition technique with a three-electrode system, in which Au foil (1 × 1 cm 2 ), Cu foil (1 × 1 cm 2 ), carbon film (C, 1 × 1 cm 2 ), indium tin oxide (ITO, 1 × 1 cm 2 ), or Ti foil (1 × 1 cm 2 ) was used as the working electrode, a platinum sheet (1 × 1 cm 2 ) was used as the counter electrode, and a saturated calomel electrode (SCE) was used as the reference electrode. The aqueous electrolyte solution contained 3 mM Ni(NO3)2 and 3 mM Fe(NO3)3.
The electrodeposition was performed with an electrochemical workstation (CHI660D, USA). Some preliminary experiments had been performed to determine the optimal electrodeposition potentials and times, and the following conditions were used to prepare NiFe hydroxides on different substrates. The electrodeposition potential was -1 V. For the preparation of NiFe/Au and NiFe/Cu, the electrodeposition time was 60 s, and the electrodeposition time was 120 s for NiFe/C, NiFe/ITO and NiFe/Ti. After the electrodeposition, the samples were washed with deionized water and dried in an air atmosphere.
Materials Characterization
The surface morphology of the samples was characterized by a scanning electron microscope (SEM, Hitachi S-4800, Hitachi, Japan), and the corresponding elemental mapping was obtained by the energy-dispersive X-ray spectrometer (EDX) equipped with the SEM. The chemical composition of the prepared samples was investigated by X-ray photoelectron spectroscopy (XPS, Escalab 250XI, ThermoFisher Scientific, USA).
Electrochemical Measurements
A three-electrode system was used in the electrochemical tests. The as-prepared electrode was used as the working electrode, and a platinum sheet (1 × 1 cm 2 ) and a calomel electrode (SCE) served as the counter electrode and the reference electrode, respectively. The aqueous electrolyte solution contained 1 M KOH. The linear sweep voltammetry (LSV) measurements were performed between 0 V and 0.8 V, and the scan rate was 5 mV s -1 . In the electrochemical impedance spectra (EIS) measurement, the applied voltage was 0.6 V. For the long-term stability testing, the applied voltage was 0.6 V, and the test time was 10000 s.
RESULTS AND DISCUSSION
Fig . 1 shows the SEM images of electrodeposited NiFe hydroxides on different substrates including Au, Cu, C, Ti, and ITO. Due to the different natures of these five substrates, it is difficult to obtain NiFe hydroxides with exactly the same surface morphology on various substrates. As mentioned in the experimental section, preliminary work tried various electrodeposition parameters, including deposition potential and time, and finally found the optimal conditions to obtain NiFe hydroxides with similar surface morphologies. This result is important for the following tests since we can minimize the morphological effect on the electrocatalytic performance and focus on the effect of the substrate on the electrocatalytic performance of electrodeposited NiFe hydroxides. Although NiFe hydroxides were electrodeposited on different substrates, they exhibit similar surface morphologies and are horizontally and uniformly grown on the surface. The reduction reaction of NO 3− anions at the electrode surface during the electrodeposition process generates local hydroxide ions that react with Ni 2+ and Fe 3+ ions to form NiFe hydroxide films on the substrate surface [34, 35] . Additionally, some small and approximately vertically aligned wrinkles can be observed on the surface, which have also been reported in previous studies on electrodeposited NiFe hydroxides [36, 37] . Such wrinkles are a typical characteristic of NiFe hydroxides [38] , and their formation is associated with the presence of flexible and ultrathin layered double hydroxides [39] . In addition, EDX elemental mapping was performed to investigate the surface chemistry of the as-prepared electrodes. As shown in Fig. 1 , Ni, Fe, and O elements are found for all the as-prepared samples, demonstrating the successful synthesis of NiFe hydroxides on the different substrates. Furthermore, the Ni, Fe and O elements are uniformly distributed on the different substrate surfaces, indicating that the various substrates are uniformly covered with NiFe hydroxides. The combined SEM images and EDX elemental mapping results confirm that the NiFe hydroxides are horizontally grown on the surface of different substrates. The horizontal growth of the NiFe hydroxide film on the surface of a substrate results in a large contact area between the thin NiFe hydroxide film and the substrate, ensuring the good electrical conductivity. Additionally, the signals from the substrates (i.e., Au, Cu, C, In, Sn, and Ti) are also collected due to the relatively large information depth (several μm) of EDX analysis. The chemical states of the as-prepared samples were investigated by X-ray photoelectron spectroscopy (XPS). As shown in the XPS survey spectra of Fig. 2a , Ni, Fe, and O are obtained, which are consistent with the EDX mapping results (Fig. 1) . The peaks at approximately 856.0 eV and 874.0 eV in the high-resolution spectra of Ni 2p are ascribed to Ni 2p3/2 and Ni 2p1/2, respectively, and the satellite peaks of Ni are also observed at approximately 862.0 eV and 880.0 eV, indicating the existence of Ni in the Ni 2+ state [34, 35] (Fig. 2b) . Fe 2p3/2 and Fe 2p1/2 at approximately 712.0 eV and 726.0 eV, respectively, reveal that Fe 3+ is the oxidation state of the Fe element in the NiFe hydroxides [34, 35] (Fig. 2c) . The O 1s high-resolution spectra show a peak at the binding energy of 532.0 eV, which corresponds to the hydroxyl group in NiFe hydroxides (Fig. 2d) . Clearly, similar XPS spectra are observed for the NiFe hydroxides electrodeposited on Au, Cu, C, Ti and ITO substrates (Fig. 2) . This result again suggests the successful formation of NiFe hydroxides with the same chemical composition on different substrates prepared by the electrodeposition method. To evaluate their electrocatalytic properties for the OER, the NiFe hydroxides on different substrates were tested in a 1.0 M KOH alkaline electrolyte by LSV using a three-electrode system. As shown in Fig. 3a , the NiFe hydroxides on different substrates exhibit different onset potentials, overpotentials, and OER current densities, although they have similar surface morphologies and the same chemical composition. This result clearly suggests that the underlying substrate demonstrates a strong influence on the electrocatalytic performance of NiFe hydroxides towards the OER. The NiFe hydroxides electrodeposited on the Au substrate present the lowest onset potential (defined as the potential where the current density reaches 2 mA cm -2 ) of 0.44 V (vs. SCE), which outperforms that of NiFe hydroxides/ITO (0.52 V (vs. SCE)) and NiFe hydroxides/Ti (0.67 V (vs. SCE)). Moreover, the NiFe hydroxides electrodeposited on the Au substrate exhibit the lowest overpotential among all the investigated electrodes. In particular, the NiFe hydroxides/Au shows the largest current density of 149 mA cm −2 at 0.8 V (vs. SCE), which is 1.3~1.8-times higher than that of the NiFe hydroxides/Cu and the NiFe hydroxides/C and is more than a magnitude larger than that of NiFe hydroxides/ITO and NiFe hydroxides/Ti. Fig. 3b shows the corresponding Tafel plots of the NiFe hydroxides on different substrates. The fitted Tafel slope value of NiFe hydroxides/Au (65 mV dec −1 ) is substantially lower than that of the other electrodes (e.g., 115 mV dec −1 for NiFe hydroxides/Cu and 110 mV dec −1 for NiFe hydroxides/C), indicating the considerably more favorable OER kinetics over the surface of NiFe hydroxides/Au. Therefore, the substrate of the electrocatalyst plays a significant role in the OER electrocatalytic activity, and the Au substrate contributes to the most remarkable OER performance enhancement for NiFe hydroxides. To further investigate the OER performance of the NiFe hydroxides on different substrates, electrochemical impedance spectroscopy (EIS) experiments were performed to explore the chargetransfer properties during the OER process. The charge transfer resistance (Rct) is directly related to the diameter of the semicircle. A smaller charge transfer resistance suggests faster OER catalytic kinetics [40] . As shown in Fig. 4 , the Rct of the tested samples follows the order NiFe hydroxides/Au < NiFe/Cu < NiFe/C < NiFe/ITO < NiFe/Ti, which is consistent with the trend of the LSV results. Obviously, NiFe/Au has the lowest Rct of 1.1 Ω cm 2 ( Fig. 4b) , suggesting the fastest charge transport and electrocatalytic kinetics among all these electrodes. A possible explanation is that the synergistic interaction between the as-deposited NiFe hydroxides and the Au substrate lowers the charge transfer resistance at the interface between the electrocatalyst and the substrate, accelerating the electrocatalytic kinetics [29, 41, 42] . Furthermore, the direct deposition of NiFe hydroxides on the Au substrate ensures close adhesion between NiFe hydroxides and the Au substrate, resulting in efficient electron transport during catalysis of the OER [42] . Since the NiFe hydroxides/Au electrode exhibits the highest electrocatalytic activity towards the OER, the long-term stability of this sample was further investigated. As shown in Fig. 5 , the electrochemical stability of NiFe hydroxides/Au was investigated by the chronopotentiometry technique at 0.6 V (vs. SCE), during which the OER current density reaches 52 mA cm −2 . No noticeable decay in the current density during 10000 s is observed, demonstrating the excellent longterm electrocatalytic stability of NiFe hydroxides/Au towards the OER. The high electrocatalytic stability of NiFe hydroxides/Au towards the OER is mainly attributed to three factors: 1) Au is a chemically inert metal and possesses good chemical and electrochemical stability in alkaline solutions, providing a highly stable substrate to support the NiFe hydroxides during the OER process.
2) The intimate adhesion between the NiFe hydroxides and the Au substrate guarantees stable electrical transport between the electrocatalyst and the substrate. 3) Since the NiFe hydroxide thin film is horizontally and uniformly grown on the surface of the Au substrate, the Au substrate can effectively inhibit the agglomeration of the NiFe hydroxide film during the OER, improving the electrocatalytic stability of NiFe hydroxides/Au. To further explain the high electrocatalytic performance of the NiFe hydroxides/Au catalyst for the OER, an SEM image of the NiFe hydroxides/Au catalyst after the ADT is provided in Fig. 6 . Compared to the surface morphology of the NiFe hydroxides/Au electrode before the ADT (Fig. 1a) , the surface morphology of the NiFe hydroxides/Au catalyst after the ADT is slightly rough due to the formation of some wrinkles, possibly caused by the surface tension of evolving oxygen bubbles. However, the thin NiFe hydroxide film on the surface of the Au substrate preserves a surface morphology similar to that exhibited before the ADT (Fig. 1a) , and no evident detachment or dissolution of NiFe hydroxides from the Au substrate is observed, revealing the good electrochemical stability of the NiFe hydroxides on the Au substrate. This behavior explains well the high electrocatalytic stability of NiFe hydroxides/Au towards the OER (Fig. 5) and further supports the view that the Au substrate can effectively inhibit the agglomeration of the NiFe hydroxide film. In addition, XPS of the NiFe hydroxides formed on the Au substrate after the ADT was conducted (Fig. 7a) . Compared to the XPS results for freshly prepared NiFe hydroxides/Au (Fig. 2) , no distinct absence of Ni, Fe or O peaks are observed after the ADT. This result indicates that the NiFe hydroxides do not significantly dissolve or fall off from the Au substrate, which is consistent with the SEM result of NiFe hydroxides/Au after the ADT (Fig. 6) . The high-resolution XPS spectra of Ni and Fe elements (Figs. 7b, and c) show that Ni 2p, Fe 2p and O 1s still exhibit their characteristic peaks (Figs. 2b−d) [43, 44] , suggesting that after the ADT, the chemical states of Ni, Fe and O elements in the NiFe hydroxides remain unchanged. The above results suggest that the NiFe hydroxides electrodeposited on the Au substrate possess a high electrochemical stability during the OER process. Among the as-prepared NiFe hydroxides on various substrates, the NiFe hydroxides formed on the Au substrate present the highest electrocatalytic activity towards the OER, although the film has a similar surface morphology and the same chemical state compared to NiFe hydroxides grown on other substrates. This observation clearly demonstrates that the underlying Au substrate plays a vital role in the enhancement of the activity of the electrocatalyst towards the OER. The electrical conductivities of the underlying Au (4.3 × 10 5 S cm −1 ) and Cu (5.8 × 10 5 S cm −1 ) substrates at room temperature are much larger than those of Ti (2.4 × 10 4 S cm −1 ) and ITO (2.0 × 10 3 S cm −1 ), and far larger than that of the carbon substrate (12.5 S cm −1 ). It has been generally accepted that a substrate with a high electrical conductivity is beneficial to improve the electrocatalytic activity of catalysts. This relationship is also the case in the present work. For example, the electrocatalytic activities of NiFe hydroxides/Cu and NiFe hydroxides/Au are substantially higher than those of NiFe hydroxides/Ti and NiFe hydroxides/ITO. However, it is interesting to note that, although the electrical conductivity of the Cu substrate is higher than that of the Au substrate, the electrocatalytic activity of NiFe hydroxides/Au is higher than that of NiFe hydroxides/Cu. This suggests that the electrical conductivity of the substrate is not the only factor determining the electrocatalytic activity of the NiFe hydroxides. The electronegativity of the underlying substrate is also expected to affect the electrocatalytic activity of the NiFe hydroxides. Compared to Cu, Au is more electronegative and thus, to a greater extent, promotes the oxidation of Ni into an active species with a higher valence state. A similar phenomenon has also been reported by Sayeed et al. [43] for a Co(OH)2 catalyst on a Au substrate. Therefore, both the high electrical conductivity of the Au substrate and the strong synergism between the NiFe hydroxides and Au substrate contribute to the highest electrocatalytic activity of NiFe hydroxides grown on the Au substrate. 
CONCLUSIONS
In the present work, the effect of the substrate composition on the electrocatalytic activity of NiFe hydroxides was investigated. NiFe hydroxides were directly formed on the surfaces of a series of substrates including Au, Cu, C, ITO, and Ti by a clean and facile electrodeposition method. The electrodeposited NiFe hydroxide thin films exhibit similar surface morphologies and are horizontally and uniformly grown on the surfaces of various substrates. Among the NiFe hydroxides formed on the various substrates, the NiFe hydroxides formed on the Au substrate exhibit the highest electrocatalytic activity towards the OER, and the current density reaches 149 mA cm -2 at 0.8 V (vs. SCE); this value is 1.3~1.8 times higher than that obtained on the Cu and C substrates and is more than a magnitude larger than that obtained on the ITO and Ti substrates. The EIS results reveal much lower charge transfer resistance for the OER of the NiFe hydroxides on the Au substrate compared to that of the NiFe hydroxides formed on the other substrates. Moreover, no apparent decay in the electrocatalytic activity of NiFe hydroxides/Au is observed after the ADT, revealing the high electrochemical stability of the NiFe hydroxides. The enhanced electrocatalytic activity of the NiFe hydroxides formed on the Au substrate is attributed to not only the high electrical conductivity of the substrate but also the synergistic effect between the NiFe hydroxides and Au substrate.
